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Abstract: Platinum-based drugs are widely used in chemotherapy for various types of cancer and
are considered crucial. Tetravalent platinum (Pt(IV)) compounds have gained significant attention
and have been extensively researched among these drugs. Traditionally, Pt(IV) compounds are
reduced to divalent platinum (Pt(II)) after entering cells, causing DNA lesions and exhibiting their
anti-tumor effect. However, the available evidence indicates that some Pt(IV) derivatives may differ
from the traditional mechanism and exert their anti-tumor effect through their overall structure.
This review primarily focuses on the existing literature regarding targeted Pt(II) and Pt(IV) com-
pounds, with a specific emphasis on their in vivo mode of action and the properties of reduction
release in multifunctional Pt(IV) compounds. This review provides a comprehensive summary of
the design and synthesis strategies employed for Pt(II) derivatives that selectively target various
enzymes (glucose receptor, folate, telomerase, etc.) or substances (mitochondria, oleic acid, etc.).
Furthermore, it thoroughly examines and summarizes the rational design, anti-tumor mechanism
of action, and reductive release capacity of novel multifunctional Pt(IV) compounds, such as those
targeting p53-MDM?2, COX-2, lipid metabolism, dual drugs, and drug delivery systems. Finally, this
review aims to provide theoretical support for the rational design and development of new targeted
Pt(IV) compounds.

Keywords: divalent platinum; tetravalent platinum; multifunctional targeted; anti-tumor; reductive
release

1. Introduction

With the advancement of medical technology, there is a diversified development trend
in the treatment of tumors. This includes developing and innovating surgical treatment,
radiotherapy, immunotherapy, and chemotherapy. Classical platinum-based drugs, such
as cisplatin, oxaliplatin, and carboplatin, are crucial anti-cancer agents (Figure 1) [1-3].
These drugs primarily act against tumors in three ways: (1) DNA cross-linking: Pt(II) drugs
enter cells through passive diffusion, assisted by active transport mechanisms involving
copper transporter (Ctrl) and organic cation transporter (OCT2), among others [3,4]. Once
inside tumor cells, platinum drugs form covalent DNA cross-links with nuclear DNA,
disrupting its structure and function. Consequently, this impedes DNA repair and replica-
tion processes. The hydrolytic activation of Pt(II) drugs leads to an increase in the formal
charge on the Pt(II) center. This increase enhances the reactivity of the Pt(Il) center towards
nucleophilic sites in DNA. Among these nucleophilic sites, the N7 atoms of the purine
residues guanine and adenine are particularly susceptible to platinization. The preferen-
tial platinization of these N7 atoms leads to DNA strand breaks, which in turn disrupt
the normal growth and division of tumor cells (Figure 2) [4-8]. (2) Gene transcriptional
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and transcription factor inhibition: Pt(II) can disrupt gene transcription and transcription
factor activity. Certain Pt(II) compounds can also bind to DNA and prevent the normal
functioning of RNA polymerase, impeding the synthesis of RNA and the transcription
process of genes [3,9]. (3) Oxidative stress and free radical generation: Oxidative stress is
a significant mechanism through which Pt(II) compounds exert their anti-tumor effects.
These compounds bind to and consume intracellular reducing substances and form com-
plexes with mitochondrial DNA, causing mitochondrial dysfunction and an increase in
the production of reactive oxygen species (ROS). This, in turn, induces oxidative stress
and ultimately leads to tumor cell death. Additionally, ROS can upregulate the expression
of transporters for Pt(II) compounds, such as Ctrl, enhance cellular DNA damage repair,
increase the protein level and transcriptional activity of nuclear factor (erythroid-derived 2)-
like 2 (Nrf2) and hypoxia-inducible factor-1cc (HIF-1a), and regulate the dynamic activity
of mitochondria [10,11].
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Figure 1. Chemical structures of classical platinum-based drugs.

However, the application and development of platinum-based drugs are currently
limited due to tumor resistance and severe toxic side effects. These side effects include
neurotoxicity, nephrotoxicity, ototoxicity, and gastrointestinal toxicity. It is worth noting that
approximately 80% of patients with epithelial ovarian cancer experience tumor recurrence
and chemotherapy failure due to resistance to platinum-based drugs [12-14]. Additionally,
Pt(II) regimens require intravenous injection for drug administration, as oral administration
is ineffective and inconvenient for patients.
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Pt(IV), the oxidized state of divalent platinum, is a focal point in the research and
development of novel platinum-based drugs. Pt(IV) compounds offer several advan-
tages: (1) Improved drug stability: Pt(IV) compounds exhibit good stability, reducing drug
degradation and inactivation in the body, thus prolonging the drug’s half-life [13,15-17].
(2) Increased selectivity: Pt(IV) compounds can selectively target specific tumors by tailor-
ing their ligand structure and chemical properties, minimizing toxicity to normal cells [18].
(3) Targeted delivery: Pt(IV) compounds can achieve targeted drug delivery through
ligands or nanocarriers, enhancing their accumulation in tumor cells [18,19].
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Figure 2. Flowchart of the mechanism of anti-tumor action of cisplatin and oxaliplatin as an example.
The green shadow is the leaving groups.

The utilization of tetravalent oxoplatin has led to the development of novel Pt(IV)-
small molecule conjugates, which have addressed the limitations of traditional platinum
drugs and show potential in reducing toxic side effects. Classical Pt(II) compounds are sus-
ceptible to non-selective ligand substitution. For instance, approximately 90% of cisplatin
irreversibly binds to plasma proteins, leading to the drug’s inactivation in the bloodstream.
Additionally, only 1% of cisplatin binds to nuclear DNA, which contributes to the develop-
ment of tumor resistance [20-22]. However, Pt(IV) compounds with their pseudooctahedral
geometry exhibit greater inertness to ligand substitution compared to Pt(II) complexes,
reducing isolation and deactivation of platinum drugs during transport to tumor cells
and enhancing blood stability [23]. By utilizing hydroxyl groups in axial positions, Pt(IV)
compounds allow for fine-tuning desired biological properties, such as lipophilicity, redox
stability, targeting of cancer cells, orthogonal or complementary biological activity, and
improved cellular uptake. In contrast to the four-coordinate Pt(I) compounds, the low-spin
d® octahedral complex structure tends to be saturated, displaying higher kinetic inertness
to ligand substitution reactions. This minimizes adverse reactions with biomolecules (e.g.,
undesired interactions between Pt(II) and proteins or intracellular thiols) before DNA
binding occurs [3,24-27].

Classic platinum drugs, such as cisplatin, exert their mechanism of action by entering
the human body and transforming into hydroxy complexes and hydrates [28-30]. These
platinum hydroxy complexes or hydrates then form chelation rings by binding to adjacent
guanine or adenine bases in the DNA single strand (1,2-GPG or 1,3-APG) [4,29,31]. The
formation of these chelation rings disrupts the hydrogen bonds between DNA double
strands, thereby disturbing the DNA double helix structure in tumor cells. This disruption
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hinders the normal replication of tumor cells and induces apoptosis [32,33]. The binding
of cisplatin to DNA primarily occurs through intrastrand cross-links, with approximately
90-95% of 1,2-GPG and 1,3-APG intrastrand cross-links and 5-8% interstrand cross-link
(ICL) products [4,33,34]. Traditionally, Pt(IV) pro-drugs, with their inert octahedral config-
uration, require activation through intracellular reducing agents such as glutathione (GSH),
ascorbic acid (ASA), and other reductants in order to transform into Pt(II) monofunctional
and bifunctional hydrate forms. Only then can they interact with DNA, form DNA adducts,
and exert their anti-cancer activity, generating biological effects similar to classical plat-
inum drugs [35,36]. However, there is evidence suggesting that the mechanism of action
between Pt(II) and Pt(IV) compounds (especially double axial reaction products) on DNA
is not identical after entering cells [37-40]. Therefore, further investigation is necessary to
better understand the anti-tumor action of novel Pt(IV) compounds derived from small
molecules and platinum compounds, including their specific form of action and underlying
mechanism. This review article provides a comprehensive summary of the design and
synthesis of classical platinum compounds and their targeted derivatives, along with the
evaluation of their anti-tumor bioactivity. Additionally, it examines the in vivo and in vitro
reductive action to explore platinum compounds specific mechanisms of action further.

2. Novel Multifunctional Targeted Pt(II) Compounds

In recent years, significant progress has been in modifying Pt(II) compounds, leading
to the synthesis and study of thousands of compounds for their pharmacological activities.
Extensive research has been conducted on platinum derivatives that selectively target
specific enzymes and functional proteins. The design and synthesis of platinum compounds
with specific targets have become a prominent area of research. In this section, we aim to
summarize the research efforts focused on Pt(Il) compounds that target specific enzymes
or substances.

2.1. Targeting Glucose Receptors with Pt(II) Compounds

Malignant tumor cells have a high glucose uptake as an energy source for cell division.
Similar to the Warburg effect, changes in the metabolic state of tumor cells result in an
excessive demand for glucose. This increased glucose uptake is associated with the over-
expression of glucose membrane transporters (e.g., GLUT1-4) in the tumor cells [41]. Recent
studies have synthesized new Pt(II) compounds with glucose-targeting properties by
replacing amino ligands with amino sugars. These Pt(Il) derivatives were created using
2,3-diaminosugars as the starting materials. These compounds have shown promising
activity in vitro and animal models by inhibiting the uptake of glucose by tumor cells.
Compound 1 (PtCl; (2,3-diamino-2,3-dideoxy-D-glucose)) exhibited significant activity
in vitro and animal models, not only inhibiting glucose uptake by tumor cells but also
prolonging the survival time of nude mice at a dose of 50 mg/kg™~! intraperitoneally
(Figure 3). Although cisplatin showed similar effects at a lower dose (8 mg/kg™!), this
dose was close to the maximum tolerated dose (MTD) of 13 mg/kg~!. Research on various
glucose transporter inhibitors has confirmed that cell uptake relies on glycosylation, which
directly affects cell cytotoxicity [42].

In a separate study, a group of researchers synthesized eight novel dual-targeting
Pt(II) compounds that specifically targeted GLUT1 and Pgp proteins. They extensively
explored the in vitro anti-cancer mechanisms of these glycosylated thiosemicarbazone Pt(II)
complexes, which acted as substrates for both GLUT1 and Pgp, potentially contributing to
targeted therapy. Cytotoxicity experiments showed that compound 2 displayed a broad
spectrum of anti-tumor activity against four different cancer cell lines, with significant cyto-
toxic effects on A549 cells (Compound 2, ICsy value (~10 pM); cisplatin, ICsy value (~17
uM)). Inhibition experiments using genistein and EDG confirmed the GLUT1-dependent
nature of compound 2 (Figure 3). Cellular uptake experiments demonstrated that the trans-
port characteristics of GLUT1 improved the uptake of Pt(Il) into tumor cells. Compound 2
accumulated rapidly in cells, with an accumulation rate of 23.15 ng, which was 2.3-fold
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higher than that of cisplatin (10.105 ng) at 6 h. Through GLUTs, compound 2 quickly
localized to lysosomes upon cell entry, increased intracellular ROS levels, and induced
apoptosis through lysosomal damage. The cellular thermal shift assay (CETSA) indicated
that GLUT1 and Pgp proteins were potential key targets of compound 2, suggesting the
potential for developing both GLUT1 and Pgp as transport proteins. Furthermore, the
stability of the dual-targeting Pt(II) complex in human blood was enhanced by binding
to BSA during the drug delivery process. Therefore, these glycosylated Pt(II) complexes
exhibited dual targeting properties, enhancing their tumor-targeting efficacy [43].
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Figure 3. Chemical structures of novel targeting Pt(II) compounds. Red font represents core
platinum atoms.

2.2. Targeting of Bile Acids with Pt(1I) Compounds

Complexes bound by Pt(Il) ligands can transport bile acids, known as cholesteryl
esters, to the liver. Transporter proteins facilitate this transportation on the surface of
liver cells that take up bile salt ions from the serum [44,45]. A novel oral cancer drug
has been developed, where the active component is a bile acid molecule paired with cis-
diaminoplatinum(lIl), functioning as a chelator [46]. Initial in vitro assays have shown its
effectiveness in cultured mouse liver cancer cells. Additionally, the complex has been
confirmed to have anti-tumor activity in a homozygous in situ rat model of hepatocellular
carcinoma. Another approach to linking bile acids to the Pt(Il) center involves conjugation
with a non-dissociative group ligand, resulting in complexes that exhibit activity in cultured
cells and have a mechanism of action similar to cisplatin [47]. A different study synthesized
a series of cholic acid-derived 1,2- and 1,3-diamines and their Pt(II) complexes to combine
two bioactive moieties and create compounds with highly cytotoxic properties [48]. The
synthesized compounds were evaluated for in vitro bioactivity, and some of them showed
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significant anti-tumor activity. Compound 3 demonstrated only moderate cytotoxicity
(ICs0: 28 uM) in an in vitro activity test against the cervical cancer cell line HeLa, but it
showed no toxicity towards normal fibroblasts (Figure 3). This selectivity offers possibilities
for modifying the complex to enhance its efficacy while maintaining non-toxicity toward
healthy cells.

2.3. Targeting Folate Receptor with Pt(I1I) Compounds

Folate receptor (FR) glycoprotein is known to be overexpressed in various tumor
cell lines [49,50]. Folate, which contains a pterin unit, plays a crucial role in several
central biochemical pathways, including those related to DNA synthesis [51]. Due to the
increased folate uptake by cancer cells in response to rapid growth demands, the folate-
binding motif has become a target for platinum complexes. While sugars and steroids
have received more attention, folate has been relatively understudied as a target for Pt(II)
complexes [52-54]. For instance, early studies on the interaction between cisplatin and
cytosolic folate involved isolating the complex formed by replacing the chlorinated ligand
with tetrahydrofolate. Although this complex inhibits dihydrofolate reductase and the
folate transport system, its lack of unstable coordination sites suggests it cannot act as a
cytotoxic agent like cisplatin. In separate studies, researchers have synthesized various
cisplatin and carboplatin derivatives with folate moieties conjugated to either the non-
dissociative ligand or the dissociative ligand (Figure 3, compound 4) [55]. Unfortunately,
the low water solubility of these compounds has hindered their application in evaluating
anti-tumor bioactivity. To address this limitation, PEG was used as a linker between the
dicarboxylic acid chelator and the folate moiety (Figure 3, compound 5) to enhance the
water solubility of the compound. Mechanistic studies have shown that this conjugate is
taken up through folate receptor-mediated endocytosis. However, the compound exhibits
lower levels of DNA binding and forms adducts, making it less active than carboplatin in
terms of anti-tumor activity. Furthermore, folate targeting has been successfully utilized to
direct platinum-loaded nanoparticle drug delivery vehicles into FR-expressing cancer cells.

2.4. Targeting Mitochondria with Pt(II) Compounds

Mitochondrial-targeted therapy offers an alternative approach to cancer treatment,
specifically addressing the challenges of metastasis and drug resistance commonly encoun-
tered in conventional therapies [56]. The cationic cycloplatin Pt(II) complex PIP-Platin has
been designed and synthesized by researchers to achieve targeted delivery to mitochondria
in cancer cells (Scheme 1) [57]. The synthesis process involved several steps. Firstly, a
crucial precursor, 4-phenyl-6-phenol-2,2’-bipyridine, was synthesized using an improved
Krohnke-type reaction. This precursor efficiently reacted with oligo(ethylene glycol chains),
followed by a substitution reaction with piperidine to obtain the corresponding ligand.
The ligand then underwent a metal-catalyzed reaction with K, PtCly to form the cyclometa-
lated platinum complex. Finally, the complex underwent ligand exchange with PPhz and
salt decomposition with LiClOy, resulting in the cationic cycloplatin complex PIP-Platin.
PIP-platin exhibited selective transport and accumulation in mitochondria, exerting toxic
effects on various cancer cells. Furthermore, PIP-platin has demonstrated effective inhibi-
tion of the Wnt signaling pathway by preventing the nuclear translocation of (3-catenin,
thereby inhibiting cell proliferation. With its significant potential for mitochondrial delivery,
PIP-platin effectively inhibits tumor cell proliferation and migration/invasion through
[3-catenin and holds promise as a bifunctional targeted anti-tumor candidate.
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Scheme 1. Synthesis route of PIP-platin. (Reprinted with permission from Ref. [57]. Copyright 2017
The Royal Society of Chemistry). Nitrogen atoms are shown in blue, platinum atoms are shown in
red, and phosphorus atom is shown in green.

2.5. Targeting Telomerase with Pt(II) Compounds

Two novel Pt(Il) complexes, [Pt(B-TFA)CI]CI (6) and [Pt(J-TFA)CI]CI (7), were syn-
thesized for the first time in a study targeting telomerase [58] (Figure 3). These platinum
analogs have potential applications in cellular studies as luminescent agents and as potent
telomerase inhibitors. They were found to induce apoptosis in bladder T-24 tumor cells by
targeting telomerase. The inhibition rates of telomerase in T-24 cells by compounds 6 and 7
were 61.67% and 45%, respectively, compared to B-TFA (4.5%) and ]J-TFA (31.83%). Addi-
tionally, these compounds were observed to induce mitochondrial membrane potential loss,
mitochondrial dysfunction, telomeric DNA damage, and cell cycle arrest in tumor cells.
This was achieved by upregulating the expression of proteins such as caspase 3, caspase 9,
and Apaf-1, and downregulating CDK2, cyclin D1, and BCL-2.

In another study, the synthesis and anti-tumor activity evaluation of two binuclear co-
ordination compounds (A-RuPt and A-RuPt) were reported as agents inducing telomerase
dysfunction alongside chemotherapy (Scheme 2) [59,60]. These platinum complexes exhib-
ited a high binding affinity for G-quadruplex DNA. They interacted with hTel G4 DNA
through -7 stacking and interaction with negatively charged channels and cation-7t bind-
ing. To enhance subcellular localization within the cell nucleus and provide tumor-targeting
properties, biotin-functionalized DNA cages were encapsulated in the metal complexes,
forming A-RuPt@biotin-DNA cage and A-RuPt@biotin-DNA cage. These nanoparticles
showed high selectivity for cancer cells and induced telomeric dysfunction in cisplatin-
resistant cancer cells. They also significantly suppressed the growth of cisplatin-resistant
lung cancer tumors in A549R tumor-bearing mice. Furthermore, researchers determined the
telomere length of A549R cells using single-color multiplex quantitative polymerase chain
reaction (qPCR). Treatment with A-RuPt@Biotin-DNA cage or A-RuPt@Biotin-DNA cage
(1 uM) significantly shortened the telomere length of A549R cells (A-RuPt@Biotin-DNA
Cage: 86.5 &= 2.5%). In Western blot analysis, the downregulation of hTERT and TRF2
expression and the significant upregulation of TRF1 and POT1 expression were consistent
with previous reports on telomere dysfunction caused by G-quadruplex DNA binding.
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CH3CN/EtOH (3:1), alumina/CH3CN. (Reprinted with permission from Ref. [59]. Copyright 2002
Elsevier). (e) Pt(DMSO),Cl;, MeCN/EtOH, reflux. (Reprinted with permission from Ref. [60].
Copyright 2022 Wiley). Red shading represents ruthenium atoms.

The article focuses on the research direction of targeting units to classical Pt(I) drugs
rather than providing a comprehensive overview of all derivatives of Pt(II) compounds.
Targeting can also be performed at the subcellular level, directing platinum to specific
organelles to trigger different biological effects. These drugs are suitable for platinum-based
therapies due to their target-directed structural component and their ability to interact with
cancer cells. Additionally, apart from targeting tumor cells themselves, inhibiting tumor
cell growth can be achieved by discovering proteins that enable angiogenesis or can be
specifically selected in acidic and hypoxic environments

3. Novel Multifunctional Targeted Pt(IV) Compounds and Reduction Releasing

In recent years, there has been a growing interest in Pt(IV) compounds as a potential
solution to side effects, drug resistance, and the administration form of bivalent platinum
drugs. Significant progress has been made in the synthesis of novel Pt(IV) pro-drugs that
exhibit good activity, high efficiency, and low toxicity. For instance, satraplatin, the first
tetravalent platinum compound to undergo clinical trials, was successfully synthesized by
Johnson-Mathey in the UK [61,62]. Satraplatin offers a convenient oral route of administra-
tion, similar to cisplatin, and functions by cross-linking DNA strands, distorting DNA, and
inhibiting DNA transcription and replication. Its ability to overcome cisplatin resistance is
attributed to the asymmetric nature of DNA damage, which evades recognition by DNA
repair proteins [63]. Furthermore, iproplatin and ormaplatin, both demonstrating superior
clinical oncological activity, serve as promising indicators for the development of novel
tetravalent platinum-based drugs [4,64—66]. Researchers are also exploring the binding of
other biologically active ligands using axially positioned tetravalent platinum groups, such
as halogen, hydroxyl, and carboxyl. These investigations include the use of biologically
targeted small molecules, non-steroidal anti-inflammatory drugs (NSAIDs), P53 agonists,
alkylating agents, Histone deacetylase (HDAC) inhibitors, and targeted delivery molecules,
among others (Figure 4) [21,67-72]. These ligands not only enhance the anti-tumor activity
of platinum drugs by binding to them but also improve their physicochemical properties,
such as transmembrane transporter rate, solubility, targeted delivery, and bioavailability,
by increasing the lipid solubility of the compounds (Figure 5) [4,73].
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3.1. Targeting p53-MDM?2 Interaction with Pt(IV) Compounds

The multifunctional targeting compounds of Pt(IV) were initially designed to inhibit
DNA damage repair, regulate the tumor microenvironment, enhance the sensitivity of
tumor cells to platinum drugs, promote platinum drug transmembrane, and reduce the tox-
icity of platinum drugs to normal cells and tissues by targeting the abnormally expressed
proteins of the tumor and DNA damage repair proteins [4,74]. For example, chalcone
is an inhibitor of p53-MDM?2 interaction. The activity of p53 is primarily regulated by
MDM2, which encodes an E3 ubiquitin ligase. Aberrant amplification of MDM2 activity
(including MDM2 gene amplification and overexpression) in a variety of tumors results
in increased levels of MDM2 protein expression. Highly expressed MDM?2 inhibits the
function of the p53 protein by binding to and degrading p53, inhibiting cell cycle arrest and
apoptosis, and attenuating its anti-cancer effects. Chalcone disrupts the binding of MDM2
to the p53 protein and restores the function of the tumor suppressor protein p53. Upon
detection of DNA damage, the ‘restored’ p53 protein causes cell cycle arrest to ‘determine’
if the DNA damage can be effectively repaired; if not, p53 initiates programmed cell death,
i.e., apoptosis. Guangyu Zhu’s team used 4-formylphenoxyacetic acid as an axial ligand
and a building block for chalcone, which was reacted with tetravalent hydroxycisplatin or
tetravalent hydroxyoxaliplatin [75]. The researchers designed and synthesized bifunctional
Pt(IV) compounds called monochalcoplatin and chalcoplatin, which have monocarboxy-
lated and dicarboxylated structures, respectively. It was observed that monochalcoplatin
can be efficiently and rapidly taken up and accumulated by tumor cells, not solely due to
its lipophilicity. Through platinum uptake and reduction assays, the researchers found
that monochalcoplatin primarily enters cells through active transport rather than passive
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diffusion or phagocytosis/macrophagocytosis. The role of Ctrl in the uptake of monochal-
coplatin was determined to be insignificant (Figure 6). Further experimental data revealed
that monochalcoplatin enters cells mainly through active transport and is rapidly released
through reduction, causing DNA damage and apoptosis, ultimately exerting anti-tumor
effects. Monochalcoplatin exhibited 422-fold greater anti-tumor activity than cisplatin,
with ICsp values in the nanomolar range for both cisplatin-sensitive and resistant cells. In
contrast, dicarboxylated Pt(IV) chalcoplatin showed anti-tumor activity at the micromolar
level due to the slow reduction of chalcoplatin in tumor cells, which hindered the rapid
induction of DNA lesions. Moreover, chalcoplatin, when combined with cisplatin and
chalcone, increased the expression of p53 protein, demonstrating better anti-tumor activity
than cisplatin in p53 wild-type cancer cells and effectively overcoming cisplatin resistance.
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Figure 6. Cellular entry pathways and reduction processes of cisplatin, monochalcoplatin, and
chalcoplatin. (Reprinted with permission from Ref. [68]. Copyright 2018 Wiley).

3.2. Targeting Cyclooxygenase-2 with Pt(IV) Compounds

Cyclooxygenase-2 (COX-2) is closely associated with the expression of programmed
death ligand 1 (PD-L1), which plays a significant role in the development of breast can-
cer. Overexpression of PD-L1 leads to immune evasion by cancer cells while blocking
it stimulates anti-cancer immune responses. In a study conducted by Xiaoyong Wang’s
team, two multispecific Pt(IV) complexes, namely DNP and NP, were prepared using the
non-steroidal anti-inflammatory drug naproxen (NPX) as an axial ligand (Figure 7A) [37].
NPX is an active small molecule that inhibits the growth of breast cancer cells. Compared
to cisplatin, DNP and NP showed significantly increased lipophilicity (Log P: DNP, 1.46;
NP, 0.02 vs. cisplatin, Log P: —2.35). In the cellular platinum accumulation assay, after 24 h
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of incubation in MCF-7 breast cancer cells, DNP and NP exhibited intracellular platinum
contents of 2.85 ng per microgram protein. This platinum content was 65- and 11-fold
higher for DNP and NP, respectively, compared to CDDP and correlated positively with
their lipophilicity. Additionally, DNP demonstrated better cytotoxicity than NP in the
in vitro evaluation of anti-tumor bioactivity, showing comparable activity to other analogs
or NSAID-platinum complexes [76-78]. When the extent of DNP reduction was examined
in vivo, DNP remained unchanged after 72 h in the presence of both ASA and GSH, unlike
NP, which was completely reduced after 3 h in ASA (Figure 7B). Further investigations into
the anti-tumor mechanism of action revealed that DNP could downregulate the expression
of COX-2 and PD-L1, inhibit prostaglandin secretion, reduce the expression of the breast
cancer-related protein BRD4 and the phosphorylation of extracellular signal-regulated
proteins 1/2 (ERK1/2), and block the expression of the breast cancer cell oncogene c-
Myc (Figure 7C). Considering its extracellular anti-reducing properties, the researchers
hypothesized that DNP could form chimeric adducts with cellular DNA. This unique
characteristic allows DNPs to exert overall pharmacological activity, which is uncommon
in the development of novel Pt(IV) derivatives.
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Figure 7. (A) Chemical structures of DNP and NP. (B) !>Pt-NMR spectroscopy for determining
the amount of Pt(II) released by the reduction of NP and DNP under ASA incubation; (C) DNP’s
putative anti-cancer mechanism. (Reprinted with permission from Ref. [37]. Copyright 2020 Wiley).
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3.3. Targeting Lipid Metabolism with Pt(IV) Compounds

In a separate study, researchers discovered that Pt(IV) compounds possess effective
anti-tumor effects even without undergoing reduction. Changes in lipid metabolism are con-
sidered crucial indicators of cancer development [79,80]. In this study, the scientists utilized
the lipid-lowering drug bezafibrate to modify cisplatin and successfully synthesized two
novel Pt(IV) derivatives, CB and CP, employing a Pt(IV) design and synthesis strategy [38].
During the assessment of their in vitro anti-tumor activity, the Pt(IV) precursor drug CB
demonstrated 187-fold higher anti-tumor activity in comparison to the clinical anti-cancer
drug cisplatin while causing less harm to normal cells. To determine the rate of reduction
release of the compounds, an in vitro reduction assay was conducted for CB and CP by
adding 10 eg-treated ASA and analyzing the compounds using HPLC. The experimental
data revealed that bezafibrate can be easily released from the monocarboxylated Pt(IV)
complex CB in an in vitro reducing environment, resulting in significant synergistic anti-
tumor activity. In contrast, even after 48 h of incubation with 10 eq-treated ASA, only less
than 3% of the reduced dicarboxylated Pt(IV) compound CP was able to be reduced.

3.4. Novel Multifunctional Pt(IV) Dual-Prodrug Compounds

In a study by Xu’s team [81], a dual pro-drug Pt(IV) was designed to enhance the
anti-tumor effects of conventional platinum compounds with 5-fluorouracil (5-FU) in
chemotherapy. The researchers aimed to improve the transmembrane uptake and lipid
solubility of the pro-drug by introducing aliphatic hydrocarbon chains of varying lengths
at the axial hydroxyl position. Among the synthesized ‘dual-prodrugs’, compound 14
demonstrated significantly higher intracellular platinum accumulation (62- and 825-fold
compared to oxaliplatin and compound 8, respectively) within 9 h. It also induced DNA
damage, apoptosis, and inhibited cell migration and invasion in HCT-116 colorectal cancer
cells. Moreover, compound 14 caused significant S and G2 phase cycle blockade and upreg-
ulated the expression of thymidine synthase and p53 in HCT-116 cells. In vivo evaluation
in NOD/SCID mice revealed potent anti-tumor activity of compound 14 (tumor inhibition
rate: 84.8%) with no significant toxicity, outperforming oxaliplatin (tumor inhibition rate:
57.8%). In the reductive release assay of compound 14, the stability of the compound was
first investigated. Compound 14 was found to be stable in the PBS/DMEF (99:1) system for 48
h. To determine if the dual-prodrug 14 could release oxaliplatin and 5-FU intracellularly, the
researchers obtained metabolic extracts of HCT-116 cells treated with the compounds. The
extracts were then analyzed using high-performance liquid chromatography (HPLC) and
high-resolution mass spectrometry (HRMS). After 4 h in the treated group, compound 14
was observed to readily release 5-FU under intracellular conditions, as analyzed above
(Figure 8A). This indicates that compound 14 exerts its anti-tumor effect through a syner-
gistic action of divalent platinum and 5-FU. In another study conducted by Xu’s team [82],
they designed and synthesized multi-targeted Evodiamine-Pt(IV) anti-cancer pro-drugs
(compounds 4-14) using plant-derived Evodiamine (EVO) and conventional Pt(II) drugs as
starting materials. Among these compounds, compound 10 exhibited in vitro anti-tumor
activity 118-fold higher than that of cisplatin while also showing lower toxicity to normal
cells. Further investigations revealed that compound 10 significantly increased intracellular
platinum accumulation and DNA damage, disrupted mitochondrial membrane potential,
inhibited cell migration and invasion, upregulated intracellular reactive oxygen species
levels, and induced apoptosis and autophagic cell death. Similar experimental results were
obtained for compound 14 in the reductive release assay (Figure 8B).
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Figure 8. (A) The intracellular release of Pt(Il) after incubation of compound 10 (100 uM) in MCE-7
cells at different times was determined by HPLC. (Reprinted with permission from Ref. [74]. Copy-

right 2023 American Chemical Society). (B) The intracellular release of Pt(II) after incubation of
compound 14 (100 pM) in MCF-7 cells for different times was determined by HPLC. (Reprinted with
permission from Ref. [75]. Copyright 2019 American Chemical Society).

4. Effect of Different Reducing Agents on the Reductive Release Rate of
Pt(IV) Compounds

The study investigated the ability of bioreducing agents such as AsA and GSH to
convert octahedral Pt(IV)-Sal precursors into square-planar Pt(II)-Sal G-Q conjugates using
quantum mechanical density functional theory (DFT) calculations (Figure 9A) [83]. The key
step in the mechanism of action of the Pt(IV) precursors is the intracellular reduction, which
leads to the release of the corresponding Pt(Il) ligand and axial molecules from the Pt(IV)
compound. The reduction mechanisms of Pt(IV) complexes are generally classified into
inner- and outer-sphere [83-86]. The former involves direct interactions between the react-
ing species, forming new bonds, while the latter involves the transfer of electrons without
direct interactions. As mentioned in Dan Gibson’s review, most studies on the reduction of
Pt(IV) complexes containing chlorine or hydroxyl ligands by ascorbic acid have shown that
the reduction mechanism is either an outer-sphere mechanism or an inner-sphere mecha-
nism catalyzed by Pt(Il) [36]. In the presence of AsA and GSH bioreductants, researchers
identified three possible inner-sphere mechanisms: (a) ligand-bridged, (b) ligand-bridged
H-transfer, and (c) enolated 3-carbon attack (Figure 9B) [83]. Mechanism (A) coexists with
AsA and GSH, while mechanisms (b) and (c) operate when only AsA acts as a reducing
agent. Additionally, the active form of AsA is the monoanionic form (AsA™), which is most
abundant at physiological pH (pKa around 3.8). L-cysteine (Cys) has been used as a model
for sulfur-containing bioreductants. Figure 9B illustrates that in both mechanisms (a) and
(b), one of the axial ligands of the Pt(IV) compounds forms a bridge between the platinum
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center and the reducing agent, facilitating the flow of electrons. However, in mechanism (b),
electron transfer is accompanied by proton transfer from the reducing agent to the ligand.
The choice between mechanisms (a) and (b) depends on the homogeneity of the axial ligand.
For instance, unstable ligands like halides follow mechanism (a), while the release of less
stable ligands such as hydroxides and carboxylates is promoted by proton transfer, as in
mechanism (b). Mechanism (c) involves nucleophilic attack of the alkene 3-carbon on the
axial ligand [87], forming a new bond with the carbon atom and subsequent detachment.
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Figure 9. (A) Chemical structure of Pt(IV)-Sal. (B) Mechanisms for reducing Pt(IV) complexes by
AsA™ and Cys™ in the inner sphere. (Reprinted with permission from Ref. [76]. Copyright 2022
MDPI). (C) Synthesis route of Pt(IV)-cross-linked nanogels and the delivery mechanism of action of
the complexes. (D) Pt(Il) release from Pt(IV) after in vitro incubation with different reducing agents
(Reprinted with permission from Ref. [19]. Copyright 2021 Elsevier).

The chemotherapeutic efficacy of Pt(Il) is often hindered by low intracellular drug
concentration and GSH-mediated detoxification. To address these challenges, researchers
developed a nanogel (~160 nm) through copolymerization of four functional monomers
(Figure 9C) [19]. The hydrophilic methoxypolyethylene glycols (Mpeg) were randomly
distributed on the surface of the nanoparticles, rendering the nanogel invisible in the blood-
stream. Chemical cross-linking of Pt(IV) linkers inside the particles significantly enhanced
the in vivo stability of the nanogel. Importantly, this nanogel could effectively deplete
intracellular GSH through dual modulation of Pt(IV) and arylboronic acid esters, thereby
increasing the toxicity of Pt(II) both in vivo and in vitro. In the in vivo evaluation of the
compound’s activity, the platinum nanocompound exhibited a tumor growth inhibition rate
(TGI) of 79.14% in A549 /CDDP-resistant nude mice, compared to the Pt(II) compound (TGI:
17.27%). The stability and reductive release properties of this compound were also assessed.
To simulate the intracellular reductive environment, the drug was released in vitro using
endogenous reducing agents such as ASA, GSH, and methionine. In the absence of reducing
agents, less than 5% of Pt(II) was released within 72 h in a pH 7.4 solution, indicating that
the nanogel effectively maintained the drug stability through chemical cross-linking agents.
However, the addition of a 10 mM reducing agent significantly increased the release rate
due to the reducing effect. Furthermore, there were notable differences in the assay results
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among the three reducing agents. Notably, over 80% of ascorbic acid was released within
24 h, surpassing the release of glutathione and methionine (Figure 9D). This discrepancy
can be attributed to variations in the ionized forms and the reaction mechanism of the
reducing agents [88-90].

In a study of racemic platinum, a tetravalent platinum compound, Raynaud’s team
found that the composition and proportion of biotransformation products in the ultra-
filtration fraction of cells were influenced by intracellular GSH levels [91,92]. They also
discovered that one of these biotransformation products contained GSH adducts. Similarly,
Nakai reported that cisplatin-GSH adducts are formed when cisplatin-tetrachloro-Pt(IV)
complexes are reduced by GSH, effectively sequestering the cisplatin from the DNA [93].
Further investigation is required to determine if the biotransformation product of the Pt(IV)
compound, which is not reduced in the presence of a reducing agent, is associated with
a spatial site resistance that prevents the formation of adducts with GSH. Additionally, it
has been demonstrated that NADH (as a source of reducing equivalents) and Cytc play a
crucial role in facilitating the reduction of Pt(IV) to Pt(II) [94].

5. Other Multifunctional Targeted Pt(IV) Compounds

After platinum compounds damage tumor cell DNA, the DNA damage stress response
(DDR) is initiated to recruit DNA damage-related proteins for repair. The repair pathways
for DNA, which include Nucleotide Excision Repair (NER), Base Excision Repair (BER),
Homologous Recombination (HR), Non-homologous end joining (NHE]), and Fanconi
anemia (FA) pathway mechanisms, primarily involve ICL repair [95,96]. Proteins such as
PARP, RPA, Rad51, ERCC1-XPF, and the FANC family collaborate in the repair of damaged
DNA [95,97]. In this study, researchers designed and prepared two Pt(IV) complexes by
combining cisplatin and platinum oxalate units with the DNA-damaging agent chloroben-
zenebutyronitrile (Figure 10A). The design was based on targeting inhibitors of the DNA
damage repair protein PARP. By enhancing DNA damage through this combined action,
the conjugates exhibited anti-tumor activity comparable to that of cisplatin and oxaliplatin
on all tested cancer cells and, to some extent, overcome cisplatin resistance. Unlike cisplatin
and oxaliplatin, the mixture of cisplatin and chlorambucil 4 arrested the cell cycle in the
S and G2 phases. Apoptosis studies demonstrated that compound 4 induced significant
apoptosis in both SGC7901 and SGC7901/CDDP cells. Furthermore, further investigations
revealed that compound 4 overcame resistance by promoting platinum uptake and inhibit-
ing PARP-1 protein expression (Figure 10B) [98]. These findings suggest that the strategy of
‘combined action” of DNA is an effective approach to overcoming cisplatin resistance. In
another study, researchers conducted experiments to develop new mitochondria-targeted
Pt(IV) complexes (1cis-4cis, 1oxa-4oxa) with DCA or PHB ligands. The aim was to increase
the accumulation of these complexes within the mitochondria, thereby enhancing the
anti-tumor effect of PDK inhibitors combined with platinum compounds (Figure 10C) [99].
The results of in vitro activity assays revealed that the platinum complexes aggregated
in both the mitochondria and nuclei, resulting in a synergistic interaction between the
platinum center of 3cis and the organic mitochondrial sensitizers. This led to a significant
improvement in in vivo activity, as evidenced by a more than 5-fold reduction in tumor
volume compared to CDDP. Furthermore, the researchers developed 3cis liposomes to
target tumors at an even higher level, which resulted in complete tumor remission and
increased anti-cancer activity. Additionally, the researchers demonstrated that coupling
DCA to the center of Pt(IV) prevented kidney injury induced by platinum and reduced the
nephrotoxic side effects of Pt(II) (Figure 10D).
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Figure 10. (A) Chemical structure of compound 4. (B) (a) The expression of PARP-1 was measured at
different compounds. (b) Inhibition of PARP-1 expression was tested by administering compound 4
at different concentrations. (Reprinted with permission from Ref. [90]. Copyright 2017 Elsevier).
All rights reserved. (C) Chemical structures of mitochondria-targeting bifunctional Pt(IV) pro-drugs.
(D) The mechanism of action diagram of 3cis. (Reprinted with permission from Ref. [91]. Copyright
2019 Wiley).

6. Conclusions and Perspectives

In certain cases, Pt(IV) compounds enter the cell and interact with DNA in the form of
hydrates, following mono- or bi-hydrolysis of the leaving group in the platinum equatorial
plane. The rate of hydrolysis is influenced by factors such as spatial site resistance, pH, and
pKa [3,36]. When Pt(IV) compounds cross-link with DNA, they primarily form interstrand
cross-linking (ICL) adducts. These cross-linking products have been observed to interact
rapidly and directly with DNA, with the platinum compounds maintaining their Pt(IV)
state in the products (Figure 5) [40]. Similar cross-linking results have been observed for
other tetravalent platinum compounds like oxaliplatin and satraplatin [40]. Compared
to intrastrand cross-linking, ICLs obstruct essential DNA metabolic pathways (e.g., repli-
cation, transcription, and metabolism), leading to the generation of more cytotoxic DNA
damage [100,101]. The formation of rapid and stable DNA interstrand cross-linking prod-
ucts may be a crucial mechanism for the functioning of Pt(IV) compounds. Additionally,
Pt(IV) compounds exert a holistic effect by influencing the expression of key intracellular
proteins, including immune inhibitory molecules (PD-L1), tumor inflammatory factors
(IL-1 and IL-6), cyclooxygenase (COX-2), and oncogenes (c-MYC). Although the precise
mechanism underlying the anti-tumor activity of Pt(IV) compounds is not fully under-
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stood, exploring this holistic molecular approach to anti-tumor activity is of great interest.
Moreover, investigating whether Pt(II) drugs can be activated through photodynamic and
electrochemical methods for targeted photo-activation of Pt(IV) drugs without compromis-
ing healthy tissues presents a challenging task in cases where the anti-tumor activity of
Pt(IV) compounds is hindered due to limited in vivo reduction and release [102].

Several Pt(IV) compounds have been investigated in both preclinical and clinical
trials, although their widespread clinical use is still limited. However, initial clinical
studies have indicated that Pt(IV) compounds demonstrate improved anti-tumor activity
and lower toxicity in specific types of cancer. Nevertheless, further clinical trials and
rigorous studies are required to validate their safety and efficacy. Moreover, despite the
potential advantages and application prospects of Pt(IV) compounds, there are existing
limitations in drug discovery and development. It is crucial to consider the form and
transporter protein responsible for facilitating the entry of Pt(IV) compounds into cells
to exert their effects. Firstly, there is a relative lack of research on the pharmacokinetics,
metabolism, and catabolism mechanism of Pt(IV) compounds, which needs to be addressed.
Gaining a deeper understanding of these properties will aid in optimizing drug design
and usage. Secondly, the heterogeneity of Pt(IV) compounds poses a challenge for their
clinical applications. Variations in chemical properties and ligand designs can affect their
stability and activity. Furthermore, the reusability of these compounds requires further
investigation. Finally, it is crucial for researchers to better comprehend the side effects and
toxicity of Pt(IV) compounds in order to effectively manage and mitigate any adverse effects
faced by patients. Although there are challenges and shortcomings, Pt(IV) compounds
show promise as pro-drugs for platinum-based anti-tumor research. Enhancements in
targeting strategies, combination therapies, new synthetic methods, and combinatorial
chemistry strategies can improve the design and development of Pt(IV) compounds. With
the advancement of clinical applications and drug development, multifunctional targeted
Pt(IV) compounds are anticipated to emerge as significant drug candidates for cancer
therapy in the future.
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